Dopamine (DA) dysregulation within fronto-striatal circuitry may underlie impulsivity in alcohol and other substance use disorders. To date, no one has directly demonstrated DA release during a task requiring the control of impulsive behavior. The current study was conducted to determine whether a response inhibition task (stop signal task; SST) would elicit detectable extrastriatal DA release in healthy controls. We hypothesized that DA release would be detected in regions previously implicated in different aspects of inhibitory control. [
INTRODUCTION
Impulsive behaviors are a hallmark of several forms of psychopathology, including addiction (Jentsch and Taylor, 1999) , as addicts are often unable to restrain the impulse to pursue and consume addictive substances even in the face of detrimental consequences. There are many facets of impulsivity that are relevant for addiction (Evenden, 1999; Perry and Carroll, 2008) , but one of the most frequently studied aspects is motor inhibition, which is often characterized by the ability to inhibit a prepotent response. Impaired performance on motor inhibition tasks is a common characteristic across addicted and at-risk populations (e.g., Courtney et al., 2013; Goudriaan et al., 2006; Li et al., 2009; Nigg et al., 2006) . Motor response inhibition is often indexed with stop signal reaction time (SSRT) as derived from the stop signal task (SST). SSRT is defined as the time required to withdraw (Stop) a ballistic hand movement (Logan, 1994; Logan et al., 1984) . Specifically, subjects are required to respond quickly to "Go" stimuli, with intermittent "Stop" stimuli signaling the need to withhold that motor response. Subjects with impaired motor inhibition are less able to inhibit their motor response, and thus have longer SSRTs (Lipszyc and Schachar, 2010) .
A number of human functional magnetic resonance imaging (fMRI) studies suggest that successful response inhibition, as indexed by SSRT, is strongly associated with the blood oxygen level dependent (BOLD) signal in a network of fronto-basal ganglia circuitry (Aron and Poldrack, 2006; Chambers et al., 2006; Congdon et al., 2010) , particularly in the inferior frontal cortex (IFC), anterior insula (AI), anterior cingulate cortex (ACC), presupplementary motor area (pre-SMA), subthalamic nucleus (STN), globus pallidus (GP), and putamen (PUT). Dopamine (DA) is a neurotransmitter that is critical for modulating activity in many of these regions (Frank, 2005) . Additionally, a growing body of evidence suggests that cortical dopaminergic neurotransmission plays a substantial role in mediating impulsive behavior, both generally, and specifically with respect to motor response inhibition. Animal studies have demonstrated increases in frontal DA during an impulsive choice task (delaydiscounting) (Winstanley et al., 2006) . Selectively altering frontal DA concentrations via lesions increases impulsive choice (Kheramin et al., 2004) , whereas pharmacologically increased DA reduces impulsive choice (Robinson et al., 2008) , as indicated by shifts in discounting. St. Onge et al. (2011) also recently reported that prefrontal cortex (PFC)-specific blockade of D 2 receptors increased risky choice in rats. In humans, evidence for a link between cortical dopaminergic transmission and impulsivity is gradually emerging, and several lines of evidence are converging to support such a relationship. Catechol-Omethyltransferase (COMT) is the enzyme responsible for the majority of dopamine catabolism in the frontal cortex (Chen et al., 2004) . A recent human study found that treatment with tolcapone, a COMT inhibitor, was associated with less impulsive choice, presumably via decreases in frontal cortical DA (Kayser et al., 2012) . In line with this, Boettinger et al. (2007) reported that human subjects with a more active form of COMT display relatively higher impulsive behavior. Taken together, these preclinical and human reports have been instrumental in highlighting the importance of dopaminergic signaling in impulsive behavior. However, it is important to note that many of the above studies employed measures of impulsivity distinct from the stop signal paradigm. Although some facets of impulsivity are likely related across different operational definitions, there is evidence to suggest a disconnect between certain impulsive measures, such as the delay discounting and stop signal tasks (Dalen et al., 2004; de Wit, 2009; Solanto et al., 2001) . Thus, the specific processes by which DA modulates human motor response inhibition processes are still largely unknown.
Human and small animal studies attempting to elucidate the neuropharmacology of SST performance have yielded equivocal results. Several studies reported that atomoxetine (ATM), a selective norepinephrine (NE) reuptake inhibitor, improves SSRT in both humans (Chamberlain et al., 2006 (Chamberlain et al., , 2009 and small animals (Bari et al., 2009 (Bari et al., , 2011 Robinson et al., 2008) . Furthermore, although atomoxetine increases both cortical DA and NE (Bymaster et al., 2002) , its ability to improve SSRT was shown to be unaffected by cortical DA blockade (Bari et al., 2011) . In contrast, D 2 -specific blockade in the dorsal striatum was shown to selectively impair SST performance (i.e., increase SSRT, Eagle et al., 2011) . In a human study, Nandam et al. (2011) reported that the DA transporter blocker methylphenidate (MP), but not ATM, improved SSRT. Similarly, in a separate human study, the D 2 -specific agonist cabergoline improved SSRT, without affecting overall reaction time (Nandam et al., 2013) . These discrepancies across the literature indicate that motor response inhibition is likely under control of several neurotransmitter systems, although interpretation is likely complicated by interspecies differences in anatomy and neurotransmission, as well as the complexity of the cognitive process.
To date, there has been only one comparison of SST performance with an in vivo measure of dopamine receptor availability (Ghahremani et al., 2012) , which found significant correlations between baseline dorsal striatal D 2 /D 3 receptor availability and SSRT (as derived from performance outside the scanner). Furthermore, the authors reported that baseline dorsal caudate D 2 /D 3 receptor availability was correlated with the BOLD signal during SST in the dorsal caudate and several frontal cortical regions (e.g., ACC, IFG, OFC). However, while this investigation provided novel evidence linking SST performance to baseline striatal dopamine D 2 /D 3 receptor availability, the role of cortical dopaminergic neurotransmission during the performance of a behavioral response inhibition task remains unclear. In an attempt to address this issue, we conducted an proof-of-principle study in healthy subjects to determine whether changes in D 2 /D 3 receptor availability (indicative of changes in dopamine) during a SST could be detected using positron emission tomography (PET) and [ 18 F]fallypride (FAL). Subjects were scanned under two conditions: one during performance of a SST, and one during performance of a control attention task requiring only "Go" responses. We hypothesized that the SST would induce changes in dopamine in cortical regions similar to those reported in BOLD fMRI studies of response inhibition.
MATERIALS AND METHODS
All study procedures were approved by the Indiana University Institutional Review Board and performed in accordance with the ethical standards of the Belmont Report. Subjects were recruited by local advertising in the greater Indianapolis area. Written informed consent was obtained after the study was completely described to the subjects. Nine healthy, right-handed, adult men completed study procedures.
Synapse
Subjects underwent a screening interview that included the Edinburgh handedness inventory (Oldfield, 1971 ), a 30-day Time Line Follow Back (TLFB; Sobell et al., 1986) calendar for recent drinking, and the Alcohol Use Disorder Identification Test (AUDIT; Saunders et al., 1993) to screen for risky drinking behavior. Exclusion criteria were: age <18 or >45 years of age, contraindications for MRI, current use of medications with central nervous system action, current use of tobacco or recreational drugs, consumption of 15 drinks per week, or >4 drinks on one occasion, AUDIT scores >8, reported history of neurological and/or psychiatric disorders, and a positive urine toxicology screen (Q-10, Proxam) as administered at screening, and on the day of PET imaging. Subjects received two [ 18 F]fallypride (FAL) PET scans, conducted on separate days, and with scan order counterbalanced across subjects. The baseline FAL scan was acquired while subjects performed a control attention task. The challenge FAL scan was acquired during performance of a behavioral response inhibition task (stop signal task, SST). Initiation of the tasks began 5 min prior to FAL injection. Individual task presentation lasted for 6 min. Tasks were presented four times in a row with a 5 min break between runs. Total task time was 45 min. During breaks and after completion of the final tasks, a fixation cross was displayed to help maintain subject wakefulness. Tasks were presented to subjects on a computer monitor situated outside the gantry. The monitor screen was fully visible to the subject. Prior to tracer injection, study personnel ensured that the subject was able to easily see, read, and perform the task without significant head movement. Task responses were made via a wireless mouse that was placed on a table adjacent to the scanner bed; tray table position was adjusted for a comfortable height and distance for the subject. Both "Go" and SST tasks were modified versions used by Kareken et al. (2013) and programmed in E-prime 2.0 software (Psychology Software Tools, Sharpsburg, PA).
Stop-signal task
Four SST task runs were presented to the subjects. Each SST run consisted of a combination of 80 "Go" trials and 40 "Stop" trials. During "Go" trials, subjects were presented with horizontal blue arrows that pointed left or right. Subjects were instructed to press the "left" mouse button for a left arrow, and the "right" mouse button for a right arrow. Subjects were instructed to respond as quickly and accurately as possible. "Stop" trials consisted of a red "up" arrow that appeared immediately after a blue arrow presentation. Subjects were instructed that, when they saw the red arrow, they were to withhold their response to the immediately preceding blue arrow. Across stop trials, an adaptive staircase algorithm adjusted the temporal delay between "Go" and "Stop" stimuli in 50 ms increments, to achieve a target "Stop" inhibition rate of 50%. That is, for each run, the "Stop" signal delay (SSD) time was set initially at 250 ms, and then either increased or decreased by 50 ms after successful or failed "Stop" response, respectively. SSD was programmed to be between 0 and 1450 ms. For each subject, average SSD was computed across all four runs, using only the data after the point at which the subject successfully converged to 50% stop inhibition. The mean, median, and standard deviation of reaction time on "Go" trials were calculated only for "Go" trials in which participants responded correctly. To calculate stop signal reaction time (SSRT), all Go-RTs were arranged from smallest to largest. The average SSD was then subtracted from that subject's xth percentile "Go" RT, where x corresponds to the stop failure rate (Band et al., 2003) . Thus, if a subject successfully inhibited their response on 55% of "Stop" trials, the Go-RT corresponding to the 55th percentile of the subject's Go-RT distribution would then be selected, and the average SSD subtracted from this Go-RT to yield SSRT.
Go attention task
During "Go" trials, subjects were presented with horizontal blue arrows that pointed left or right. Subjects were instructed to press the "left" mouse button for a left arrow, and the "right" mouse button for a right arrow. Subjects were instructed to respond as quickly and accurately as possible.
Image acquisition
A magnetized prepared rapid gradient echo (MP-RAGE) magnetic resonance image (MRI) was acquired using a Siemens 3T Trio-Tim for anatomic coregistration and processing of PET data. [ 18 F]fallypride (FAL) was synthesized at the Department of Radiology and Imaging Sciences radiochemistry facilities in the Biomedical Research Training Center, according to previously described methods (Gao et al., 2010) . FAL PET scans were acquired on an ECAT HR1 (3D mode; septa retracted). FAL PET scans were initiated with an IV infusion of 170.63 6 33.4 MBq FAL over the course of 1.5 min. Injected mass was 0.052 6 0.03 nmol kg
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. The dynamic PET acquisition was split into two segments for subject comfort (Christian et al., 2006) . The first half of dynamic acquisition was 60 min (6 3 30 s, 7 3 60 s, 5 3 120 s, 8 3 300 s). Following this segment, the subject was removed from the scanner for a 15 min break period to stretch and use the restroom if needed. The second half of dynamic acquisition lasted 50 min (10 3 300 s).
Image processing
Dynamic PET data were reconstructed with Siemens ECAT software, v7.2.2. Three-dimensional data were rebinned into 2D sinograms with Fourier rebinning. Sinograms were corrected for randoms, scatter, and attenuation, and images were generated with filtered back-projection with a 5-mm Hanning filter. MRI and dynamic PET images were converted to Neuroimaging Informatics Technology Initiative (NIfTI) format (http://nifti.nimh. nih.gov/) and processed with SPM8. A mean PET image that contained a mixture of blood flow and specific binding was created using the realignment algorithm. This mean PET was coregistered to the subject's anatomic MRI using the mutual information algorithm in SPM8. Each frame of PET data was subsequently coregistered to the MRIregistered mean PET image to correct for subject motion. Each subject's MRI was spatially normalized to Montreal Neurological Institute (MNI) space and the transformation matrix obtained from the spatial normalization step was then applied to the motion-corrected PET data from each subject.
Voxel-wise analysis
Dopamine (DA) D 2 /D 3 receptor availability was indexed with binding potential relative to nondisplaceable binding (BP ND ), which is operationally defined as f ND *B avail /K D (Innis et al., 2007) . The cerebellum (vermis excluded) was used as the reference region (tissue that contains few to no D 2 /D 3 receptors). Individual gray matter cerebellar regions of interest (ROIs) were created for each subject in order to extract cerebellar time activity curves. BP ND was estimated at each brain voxel with Logan reference graphical analysis (Logan et al., 1996) using the cerebellar time activity curve as in input function. t* was set at 25 data points in "stretched" time. The resulting parametric BP ND images were smoothed with an 8-mm Gaussian kernel (Costes et al., 2005; Picard et al., 2006; Ziolko et al., 2006) . In areas of high D 2 / D 3 receptor density, like the striatum, >2.5 h of scanning is required to accurately estimate BP ND (Christian et al., 2000 (Christian et al., , 2006 . As subjects in our study were scanned for 2 h, we implemented a gray matter mask to exclude the striatum. In addition, parametric BP ND image voxels with very low values (<0.1) were excluded from further analysis to ensure that only reliably estimated BP ND values from both scans were considered.
Statistical analysis
Voxel-wise, one-tailed paired t tests were used to detect significant changes in FAL BP ND between scan conditions. Tests were run in both directions to test for both increases and decreases in BP ND during the SST relative to the attention task condition. Significant clusters were defined at P < 0.005 (uncorrected) and cluster size k > 10 voxels. Each significant cluster was defined as a region of interest (ROI), and average regional BP ND values were extracted from the "Go" baseline and SST parametric images with the MarsBaR toolbox (http://marsbar.sourceforge.net/). This allowed us to calculate percent change in BP ND : (%DBP ND ) 5 ((BP ND, GO -BP ND, SS )/BP ND, GO ) 3 100 for each cluster, and to test for bivariate correlations with SSRT using SPSS 20.0. Data from significant regression analyses were tested for outliers using Cook's D (Bollen and Jackman, 1985) . Data are presented as mean 6 s.d., unless otherwise specified.
RESULTS

Subject characteristics
Subjects were 24.6 6 4.1 years old (range 19-32), and had 15.7 6 1.3 years of education. All subjects were light social-drinkers: average alcohol consumption was 1.91 6 2.5 drinks per week; AUDIT scores were 3.0 6 1.7.
Task performance
Behavioral results from the "Go" control attention task and SST are shown in Table I . Data for the "Go" task from one subject was unavailable because of computer failure. Behavioral SST data from two subjects were excluded because they failed to converge to 50% stop inhibition throughout the course of the task.
Changes in FAL BP ND during the stop signal task
Voxel-wise paired t tests revealed several cortical regions where BP ND during the SST (BP ND, SS ) was significantly lower than BP ND during the "Go" attention task (BP ND, GO ) (Fig. 1, Table II) , indicative of dopamine (DA) release in these regions during the SST. BP ND, GO was significantly lower than BP ND, SS in the anterior cingulate gyrus (Fig. 2 
DISCUSSION
The principle finding of the current study is that changes in cortical D 2 /D 3 receptor availability were detectable during a stop signal task (SST) relative to a control attention task. To our knowledge, this is the first demonstration of apparent in vivo changes in cortical DA during a motor response inhibition task. The anatomic locations of significant clusters of DBP ND correspond well to neural correlates of inhibiting motor responses that have been characterized in humans with fMRI (Aron and Poldrack, 2006; Chambers et al., 2009; Congdon et al., 2010) . These, and other reports, have emphasized the importance of the IFC, SMA, pre-SMA, ACC, STN, and striatum in successful response inhibition (Zandbelt and Vink, 2010) . While fMRI provides excellent spatial localization and has good temporal sampling ability, other in vivo techniques such as PET are needed to elucidate the specific neurochemical substrates of the SST. Using [ 18 F]fallypride (FAL) PET, we demonstrated SSTinduced changes in dopaminergic signaling in several cortical regions that are implicated in behavioral response inhibition. In particular, we observed significant increases in DA in motor-related brain regions such as the SMA and precentral gyrus (Fig. 1, Table  II ), which are thought to be crucial regions in the stopping process (Floden and Stuss, 2006; Li et al., 2006) . Other cortical regions that exhibited significant SST-induced changes in DA have previously been shown to activate during SST performance, including frontal (middle and superior frontal gyri), parietal (precuneus, paracentral lobule, postcentral gyrus supramarginal gyrus, angular gyrus), temporal (fusiform gyrus, superior temporal gyrus), and cingulate cortex areas (Cai and Leung, 2009; Congdon et al., 2010; Courtney et al., 2013; Ghahremani et al., 2012; Kareken et al., 2013) .
The precuneus is one of the core regions of the "default mode network" (DMN; Bressler and Menon, 2010) , which engages in the absence of a directed task and is believed to mediate "switching" cognitive processes on and off (Li et al., 2007; Zhang and Li, 2010) . Dopaminergic transmission affects precuneus activity during cognitive task performance. For example, Argyelan et al. (2008) showed that cognitively-induced change in precuneus activity was affected by a DA agonist. Tomasi et al. (2009) found that deactivation of the precuneus during a visuospatial attention task was negatively associated with striatal dopamine transporter availability. The SST-related increases in dopamine in the precuneus that were observed in this study may indicate a role for dopamine in deactivating the DMN in order to engage processes relevant for motor response task performance.
In the present analysis, we also report that taskinduced changes in D 2 /D 3 receptor availability were negatively correlated with SSRT in three cortical subregions, the left orbitofrontal cortex, right middle frontal gyrus, and right precentral gyrus (Table II) . These regions have been identified as belonging to a common network that exhibits SST-induced activation, in which activation was also significantly associated with SSRT (Congdon et al., 2010) . Another fMRI study confirmed that SST-induced BOLD responses in these regions were associated with SSRT (Ghahremani et al., 2012). These reports lend support to our interpretation of the present data, which is that cortical dopamine in these regions may contribute to performance of a motor response inhibition task. However, the literature on the cortical neurochemistry and neuroanatomy underlying motor inhibition performance is admittedly more complicated.
Human imaging studies have not definitively discerned the precise locations and neurotransmitter systems relevant for response inhibition. There is much debate over which specific brain regions are important for stopping a motor response. While Fig. 1 . Whole-brain voxel-wise paired t-test comparing BP ND between baseline "Go" and SST scan conditions (n 5 9). The "hot" colorscale indicates voxels where BP ND, BL was significantly higher than BP ND, SS (increased DA during SST). Display threshold P < 0.005, uncorrected, k > 10. Significant clusters are listed in Table II. numerous studies cite the IFC as an essential locus for successful inhibition (Aron et al., 2003; Swick et al., 2008) , there is also evidence supporting the OFC (Horn et al., 2003) , and precentral gyrus as neural hubs for response inhibition modulation. A recent fMRI study in adolescents reported differential activation of brain networks during a SST that was dependent on substance abuse and ADHD phenotypes (Whelan et al., 2012) . This suggests that interindividual variability may affect which specific brain regions are recruited for task performance.
Global manipulations of DA function provide indirect evidence about dopaminergic regulation of brain activity during impulse control. Administration of a DA agonist increases regional cerebral blood flow (rCBF) in the OFC and precentral gyrus, and decreases rCBF in the MFG (Bradberry et al., 2012) , indicating that activity in these regions is under control of DA transmission. During motor inhibition tasks, DA perturbation has similar effects on brain activity. DA antagonism results in decreased activation of the precentral gyrus during a motor inhibition task (Luijten et al., 2013) . Conversely, increasing brain DA levels leads to increased activation of MFG and precentral gyrus during a SST . Furthermore, the change in MFG activation is positively correlated with improvement of SSRT, suggesting that DA may be an important modulator of MFG activity during SST performance. Overall, the data from the literature, combined with that from the Fig. 2 . Whole-brain voxel-wise paired t test comparing BP ND between baseline "Go" and SST scan conditions (n 5 9). The "cool" colorscale indicates voxels where BP ND, SS was significantly higher than BP ND, BL (indicating decreased DA during SST). Display threshold P < 0.005, uncorrected, k > 10. Significant clusters are listed in Table II. current study, suggest that the association of OFC, MFG, and precentral gyrus activation with performance on a response inhibition task may be modulated, in part, by DA. However, replication of these results in a larger cohort is necessary to further understand these associations.
The present study has several limitations. The sample size is relatively small, and thus presents a risk of both Type I and Type II errors. We readily acknowledge that this is a preliminary analysis, and replication in a larger sample is needed to support our interpretations. However, task-induced DA changes in this study overlap well with regions that have been demonstrated to elicit BOLD responses during a stop signal task (Aron and Poldrack, 2006; Chambers et al., 2009; Congdon et al., 2010) . This suggests that our findings are physiologically relevant and not merely the result of a Type I error. Another potential limitation of the current study is that we did not examine the striatum. Ghahremani et al. (2012) recently reported that baseline striatal D 2 /D 3 receptor availability was negatively correlated with SSRT. Additionally, several fMRI studies have shown striatal activation during successful response inhibition (Congdon et al., 2010; Vink et al., 2005; Zandbelt and Vink, 2010) . However, because we were primarily interested in cortical DA, our study design used a 2-h scan: long enough to accurately estimate cortical, but not striatal BP ND. Finally, our interpretation that the observed changes in BP ND are a direct function of DA must be taken with caution. The study design did not sustain the stop-signal task for the duration of the scan acquisition. It is possible that the cessation of the stop-signal task could result in regionally heterogeneous changes in blood flow parameters, which, in turn, could potentially confound estimation of BP ND from the challenge data. Additionally, it would be useful to have pharmacological validation that changes in DA are responsible for the reported effects (e.g., tyrosine depletion studies).
In conclusion, we detected significant changes in cortical D 2 /D 3 receptor availability during a stop signal task compared to a control attentional task. Percent change in receptor availability was correlated with task performance in three cortical regions that have been shown to be important for successful response inhibition. The present results demonstrate the feasibility of using [
18 F]fallypride PET to detect apparent changes in DA during a stop signal challenge, and the potential to use the SST as a probe for studying cortical dopaminergic contributions to disorders marked by impulsive behavior.
